Nerve growth factor (NGF) is a protein highly expressed in the male mouse submandibular gland. We have applied a non-radioactive in situ hybridization method using digoxigenin-labeled NGF oligonucleotides, and have found the highest amounts of NGF mRNA in the secretory striated ducts of the male mouse submandibular gland. Scattered strongly positive cells were found in male mouse sublingual glands. Weakly labeled cells were seen in female mouse and in male rat submandibular gland striated duct cells. Using 33P as an alternative to 32P and 3sS, we demonstrated a 1.3 KB NGF mRNA in salivary glands of male mice by Northern blot hybridization. Using 33P we detected NGF mRNA in male mouse submandibular glands by in situ hybridi-
Introduction
In situ hybridization is a powerful tool to study the cellular distribution and regulation of defined mRNA species in tissues. The use of synthetic oligonucleotide probes to detect " A sequences provides significant advantages for in situ hybridization studies. The use of radioactive isotopes (32P, 33P, 35S) is associated with several intrinsic difficulties, e.g., short half-life time, long exposure times, poor resolution, and radioactive handling. Therefore, several non-radioactive methods have been developed, and one good alternative to radioisotopes is the use of digoxigenin-labeled oligonucleotide probes for in situ hybridization as described by several authors (3,9,18 ). This non-radioactive method has the major advantage of excellent cell resolution and speed of measurement. However, it seems to be limited to only highly expressed "As.
Nerve growth factor (NGF) is the best-known neurotrophic fac- zation but with a signal that, compared with the nonradioactive method, had a very low resolution. Castration of male mice almost abolished both the 1.3 KB NGF mRNA seen with Northern blots and the NGF mRNA labeling in submandibular glands 4 weeks after the operation, whereas levels were increased 6 hr and 2 days after sympathectomy.
We conclude that hybridization with digoxigenin-labeled NGF oligonucleotides is a good tool to study the expression and regulation of NGF mRNA in male mouse submandibular glands. In situ hybridization using 35S-, 3*P-, and 3H-labeled oligonucleotides or cDNA probes shows intense labeling of secretory cells in the male mouse submandibular gland (2,6,19,26).
In the present article we describe a rapid and easy alternative in situ hybridization method to detect NGF mRNA in the submandibular gland using digoxigenin-labeled oligonucleotides. We compare this technique to the use of 33P-labeled probes. To demonstrate the usefulness of our method in functional studies, we show that castration of male mice decreased NGF mRNA in the submandibular gland to very low levels, whereas sympathectomy increased NGF mRNA levels.
Materials and Methods
Animal Treatment. For control experiments 10 untreated male mice (NMRI) (Alab; Sollentuna, Sweden) weighing 30-40 g were used, which were housed in groups of five. The submandibular-sublingual glands were dissected and immediately frozen on dry ice. For in situ hybridization the left and right glands were analyzed separately, and from each gland six sections were processed. In an additional study, a female mouse (30 g) and an adult male rat (Sprague-Dawley, 150 g) were also used for in situ hybridization (both glands sepatately, six sections each).
HUMPEL, LINDQMST, OLSON
Two male mice were castrated under anesthesia by removing the testes and were allowed to survive for 4 weeks. Two control animals were only anesthetized with ether. The left glands were analyzed for in situ hybridization (six sections) and the right glands were extracted for Northern blot hybridization.
For sympathectomy, the superior cervical ganglion was extirpated unilaterally under ether anesthesia. Six hours and 2 days and 1, 2, and 4 weeks after the operation the glands were dissected and frozen on dry ice. The contralateral glands always served as controls. For each time point, nine mice (five for in situ hybridization, six sections each; four for Northern blot hybridization, extracted separately) were used.
In Situ Hybridization. Salivary glands (submandibular and sublingual glands) were sectioned (14 pm) with a cryostat (Leitz) and thawed onto slides (ProbeOn; Fisher Biotech, Pittsburgh, PA). Anti-sense oligonucleotides complementary to nucleotide BP 378-425 (SAAGGGAAECTGAAG-TMXGKCAGTGGGCrrCAGGGACAGAGKKC3') of the mouse NGF gene (21) were commercially synthesized (Scandinavian Gene Synthesis; Koping, Sweden). This sequence is identical to the corresponding part of the rat NGF gene. The oligonucleotides (200 ng) were labeled at the 3' end with 11-dUTP-digoxigenin (Boehringer; Mannheim, Germany) using terminal deoxyribonucleotidyl transferase (DuPont Scandinavia; Stockholm, Sweden). Sections were hybridized at 42'C overnight in a humidified chamber with 0.1 ml per slide of the hybridization solution [SO% formamide, 4 x SSC, 0.02% polyvinylpyrrolidone, 0.02% Ficoll, 0.02% bovine serum albumin, 10% dextran sulfate, 0.5 mglml sheared salmon sperm DNA, 1% sarcosyl (N-lauroyl sarcosine), 0.02 M Nap04 (pH 7.0), 50 mM MT] containing 20 ng/ml digoxigenin-labeled probe. Sections were washed four times (15 min each) at 54°C in 1 x SSC, cooled to room temperature, and washed twice for 5 min in buffer (100 mM %is-HCI, 150 mM NaCI, pH 7.5). They were then incubated overnight at 4'C in a humidified chamber with anti-digoxigenin-AP conjugate (Boehringer) diluted 1:500 in the same buffer containing 1% normal sheep serum and 0.3% Triton X-100. Sections were washed three times for 10 min in buffer, equilibrated in substrate buffer (100 mM %is-HC1, 100 mM NaCI, 50 mM MgCIz, pH %>), and incubated overnight at room temperature in the dark in substrate buffer containing 0.34 mg/ml4-nitroblue tetrazolium chloride and 0.17 mg/ml 5-bromo-4-chloro-3-indolyl-phosphate (Boehringer) . Sections were washed twice for 5 min in 10 mM Tris-HCI, 1 mM EDTA, and twice for 5 min in distilled water, air-dried, dipped in xylene, mounted with entellan, visualized by brightfield microscopy, and photographed (Kodak Tri-X film).
For comparative studies, oligonucleotides were labeled at the 3' end with [33P]-dATP (DuPont Scandinavia), using terminal deoxynucleotidyl transferase, and were purified through nensorb columns. In situ hybridization was performed similarly to that for digoxigenin-labeled probes, except that 1 x 10' cpmlml probe was added. After washing, the sections were dipped in film emulsion (Kodak NTB2) and exposed for 3 weeks at -2O'C.
For control experiments, unlabeled NGF oligonucleotides (200 times more) were added together with labeled oligonucleotides. In an additional control experiment, sections were hybridized with a digoxigenin-labeled oligonucleotide complementary to nucleotide BP 250-298 (5'CXCAGAGT-CCCATGGGXCGCACACCTGGGTAGGCCAAGCT GC m C 3 ' ) of the brain-derived neurotrophic factor gene (14) . which was again commercially purchased (Scandinavian Gene Synthesis). In yet another set of experiments, sections were fixed according to the following protocol: 5 min 4% paraformaldehyde in PBS, two 10-min washings in PBS, rinsing in distilled water, dehydrating in 75% and 99% ethanol, and air-drying.
Northern Blot Hybridization. For quantitative measurements, Northern blot hybridization was established as described elsewhere (5). Briefly, the glands (submandibular and sublingual) were homogenized in a solution containing 4 M guanidinium isothiocyanate, incubated in phenolkhloroformkodium acetate for 15 min at 4'C. centrifuged for 20 min at 10.000 x g (4'C). and precipitated for 3 hr at -7O'C with 1 volume isopropanol. The sample was centrifuged for 20 min at 10,000 x g at 4'C and the pellet dissolved in the RNA homogenization solution and again precipitated with isopropanol by freezing to -70'C. After centrifugation (10,000 x g, 4'C), the pellet was washed in 70% ethanollsodium acetate, again centrifuged, and the pellet dried and re-suspended in distilled water. RNA was measured at 260 and 280 nm in a photometer. Total RNA (10 pgllane) was electrophoresed on a denaturing 0.9% ayoselformaldehyde gel for 2 hr at 100 V, transferred onto nylon N' filters (Amersham; Poole, UK), and fixed by baking for 2 hr at 8 0 T . To avoid strong radioactive energy, we used oligonucleotides that were labeled at the 3' end with [33P]-dATP (DuPont Scandinavia). Blots were pre-hybridized for 5 hr at 37°C with a buffer according to Wahl et al. (25) , hybridized at 37°C with 2 x lo6 cpmlml probe in the same buffer overnight, washed twice for 15 min in 1 x SSC at 37'C. exposed to X-ray film for 1 week at -2O' C. developed, and the lanes scanned with an LKB Ultrascan XL laser densitometer.
The internal size markers 18s and 28s ribosomal RNA were stained with ethidium bromide in the gel.
Results
In situ hybridization of NGF mRNA in the male mouse submandibular gland with digoxigenin-labeled oligonucleotides generated a strong signal in the secretory striated ducts ( Figure 1A ) of all analyzed glands (n = 10, both glands separately, six sections each). The signal was extranuclear and was stronger at the bases of the striated duct cells. Apical portions were devoid of NGF mRNA. The acinar portions of the gland, as well as larger excretory ducts, were not labeled. A very weak signal was detectable when a 200fold excess of unlabeled NGF oligonucleotides was added under the same hybridization conditions ( Figure IC) . Hybridization with digoxigenin-labeled brain-derived neurotrophic factor oligonucleotides did not result in any signal in the submandibular-sublingual gland ( Figure 1D ). Fixation of the tissue with 4% paraformaldehyde for 5 min resulted in a massive decrease of the NGF mRNA hybridization signal ( Figure 1B) . Optimization of antibody incubation (3 hr or 24 hr at room temperature or 4°C) clearly showed that the best signal was obtained when the sections were incubated overnight at 4°C. The development of the color reaction was visualized after 1 hr, 3 hr, 8 hr, and 20 hr (overnight), and clearly demonstrated that an overnight color development was necessary.
A comparison between digoxigenin-labeled oligonucleotides ( Figure 2A ) and 33Flabeled oligonucleotides (Figures 2B and 2C) showed a markedly different resolution of the signal. The isotopic method, as evaluated with brighdield ( Figure 2B ) and darkfield ( Figure 2C ) microscopy, resulted in scattered grains over the submandibular ducts after dipping in film emulsion, providing little information about the subcellular distribution of the mRNA species. The non-radioactive method, in contrast, revealed borderlines between the cells.
As expected, we found the strongest and most extensive signal for NGF mRNA in the male mouse submandibular gland ( Figure  3A) . In all male mouse sublingual glands (n = IO), a few scattered strongly positive cells were detectable in the tubular portions of the gland. Some very weak positive cells were found in all six sections of the female mouse submandibular gland (Figure 3B) . Very weakly positive cells were detectable in all six sections of the male rat submandibular gland ( Figure 3C ). N o signal was detectable either in female mouse or in male rat sublingual gland. The typical extraction recovery of total RNA for the glands was found be between 2592-4420 wg,ml. ~~~~h~~~ blot hybridization of submandibu1ar-sublingua1 gland mRNA with NGF Oligonucleotides revealed a single band at about 1.3 KB, which corresponds well to the NGF mRNA (Figure 4 ). Castration of male mice resulted in an almost complete loss (0.5-16% of control; n = 2) of NGF mRNA in the glands as shown with Northern blot hybridization (Figure 4) . The same results were obtained with the non-HUMPEL, LINDQVIST, OLSON (Figure SA) , as analyzed in two animals (six sections each). Therefore, castration rendered the male submandibular gland similar to its female counterpart with respect to NGF mRNA expression.
We found markedly increased levels of NGF mRNA in the submandibular gland 6 hr (135 * 6.7% of control; p<0.05; n = 4) and 2 days (140 2 11.1% of control; p<O.OS; n = 4) but not at 28s-18s- later time points after sympathectomy ( Figure 6 ), as determined by in situ hybridization. Northern blot analysis supported these findings (data not shown).
Discussion
We demonstrate here the detection of NGF mRNA in the submandibular gland of male mice with a fast, non-radioactive in situ hybridization method. The usefulness of this method in functional studies has also been demonstrated. The expression of NGF protein, NGF precursor, and NGF mRNA in the male mouse submandibular gland has been extensively described (2,4,6.7,11-13.15-17,19-21,24,26) . Our data on the distribution of striated duct cells in the male mouse submandibular gland, which are intensively labeled with digoxigeninor [33P]-NGF oligonucleotides, are in full agreement with these previous studies. The much more limited expression of NGF mRNA in the male mouse sublingual gland, the female mouse submandibular gland, and the male rat submandibular gland are all in agreement with immunohistochemical data (17) demonstrating that the NGF immunoreactivity observed in these glands represents additional sites of salivary gland NGF synthesis.
The procedure for in situ hybridization was found to be important for the sensitivity of the assay. Fixation of the tissue with 4% paraformaldehyde clearly decreased the signal obtained with the non-radioactive method. Ayer-Le Lievre et al.
(2) similarly reported that immersion of tissue sections in the fixative reduced the hybridization signal with radioactive probes. The use of fresh tissue without fivation gave optimal results, providing that the washing procedures were done very carefully.
We also tried to establish our method for NGF mRNA or brain- derived neurotrophic factor mRNA on fresh tissue sections of the rat brain. However, our approaches to detect these mRNAs in the brain with the non-radioactive method using digoxigenin-labeled oligonucleotides have thus far been unsuccessful, probably owing to the much lower concentrations of these particular mRNA species in brain tissue. However, the detection of several other highly abundant mRNA species (e.g.. vasopressin, pro-opiomelanocortin) in brain tissue with digoxigenin-labeled oligonucleotides has been  reported (3,9) . For determination of NGF mRNA with Northern blot hybridization, several non-radioactive methods (enhanced chemoluminescence, Amersham; digoxigenin-chemiluminescence method, Boeringer; E-Link, Cambridge Research Biochemicals, Cambridge, UK) were tried, but none of them resulted in a positive signal. There- 16 MeV, t l l 2 = 87 days) and 32P (1.7 MeV, t l l 2 = 14 days). There are several advantages to using 33P instead of 3*P or 35S for Northem blot hybridization: longer half-life than 32P% less waste processing time than 35S, shorter exposure time than for 3% not as dangerous as 32P, and therefore no protection shield necessary. However, although we were able to measure NGF mRNA in salivary glands, it should be noted that we were unable to measure NGF mRNA in the brain with Northern blot hybridization using 33P. We conclude that 33P is not useful for measurement of rare mRNAs using Northern blot hybridization. We also compared 33P and 35S for in situ hybridization in the brain, and found a good signal and a similar degree of resolution for both isotopes. However, 33P needed a shorter exposure time, but the disadvantage of the very short half-life compared with 35S makes it less convenient for in situ hybridization studies. The use of full-length cDNAs or cRNAs might improve and amplify the hybridization signal. A randomprimed probe or a cRNA can be labeled "hotter" with isotopes or "stronger" with digoxigenin. The use of digoxigenin-labeled cRNAs for low-expressed mRNAs in in situ hybridization is presently under investigation.
The NGF mRNA levels in submandibular glands of female mice or male rats are magnitudes of order lower compared with those of male mice. The functional significance of the high levels of NGF in the male mouse submandibular gland is not understood. A role for NGF has been proposed in the isolation-induced aggressive behavior of male mice (422); however, the absence of NGF in male rats is puzzling. We have also compared NGF mRNA levels of submandibular glands from grouped mice (five to ten mice per cage) with glands from mice kept in isolation (with visual contact) for 1 week. Our data showed a high variability between these two groups, indicating an additional influence of social behavior on NGF mRNA levels (Humpel et al., unpublished observations).
To demonstrate the usefulness of the method in functional perturbation studies, we have shown that castration of male mice resulted in an almost complete loss of NGF mRNA in the submandibular glands. This treatment dramatically decreases the hormone levels of male mice and may simulate female hormonal conditions. Goldstein and Burdman (10) demonstrated that NGF protein levels in salivary glands are increased after testosterone treatment of female mice, a report that is in full agreement with our observations. The increased NGF mRNA levels found G hr and 2 days after sympathectomy suggests that the sympathetic tone is able to regulate NGF mRNA and thereby NGF production in the gland.
In conclusion, the above-mentioned conditions for nonradioactive in situ hybridization have been applied that allow fast detection of NGF mRNA in the male mouse submandibular gland with the resolution of an immunohistochemistry-rather than an autoradiography-based detection system. This method is useful for functional studies of NGF mRNA in male mouse salivary glands.
